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a  b  s  t  r  a  c  t
Chiral  Stationary-Phase  Optimized  Selectivity  Liquid  Chromatography  (SOSLC)  is proposed  as a  tool  to
optimally separate  mixtures  of enantiomers  on  a set  of commercially  available  coupled  chiral  columns.
This  approach  allows  for the  prediction  of the separation  proﬁles  on  any  possible  combination  of  the  chiral
stationary  phases  based  on a limited  number  of  preliminary  analyses,  followed  by automated  selection  of
the optimal  column  combination.  Both  the  isocratic  and gradient  SOSLC  approach  were  implemented  for
prediction of the retention  times  for  a  mixture  of  4 chiral  pairs  on all possible  combinations  of the 5 com-
mercial  chiral  columns.  Predictions  in isocratic  and  gradient  mode  were  performed  with  a  commercially
available  and  with  an in-house  developed  Microsoft  visual  basic  algorithm,  respectively.  Optimal  predic-eparation of enantiomers
tationary phase optimized selectivity
iquid chromatography (SOSLC)
igh performance liquid chromatography
tions  in  the  isocratic  mode  required  the  coupling  of  4  columns  whereby  relative  deviations  between  the
predicted  and experimental  retention  times  ranged  between  2  and  7%.  Gradient  predictions  led  to  the
coupling  of  3 chiral  columns  allowing  baseline  separation  of all  solutes,  whereby  differences  between  pre-
dictions and  experiments  ranged  between  0 and  12%.  The  methodology  is a novel  tool  allowing  optimizing
the  separation  of mixtures  of optical  isomers.
© 2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Most therapeutic drugs contain one or more chiral centers
nd are used either as discrete enantiomerically pure molecules
r as racemic mixtures. Regulatory agencies recommend individ-
al assessment of the activity of each enantiomer for racemic
rugs and promote the development of new chiral drugs as sin-
le enantiomers [1]. Accordingly, the availability of tools allowing
mproved separation of all stereoisomers related to the phar-
aceutical solutes could be signiﬁcant both from an analytical
nd a preparative point of view. High performance liquid chro-
atography (HPLC) and Supercritical ﬂuid chromatography (SFC)
mploying chiral stationary phases (CSPs) are broadly used for
he separation of mixtures of enantiomers. Although many types
f stationary phases have been commercialized, the polysaccha-
ide phases based on derivatized cellulose and amylose are mostly
mployed. The versatility and reliability of such phases derives
rom the isocyanate based derivatization of the hydroxyl functions
n the saccharide, leading to the incorporation of aromatic groups
∗ Corresponding author.
E-mail address: frederic.lynen@ugent.be (F. Lynen).
ttp://dx.doi.org/10.1016/j.chroma.2017.07.078
021-9673/© 2017 Elsevier B.V. All rights reserved.containing varying side group functionalities on the carbohydrate
backbone. This increases the chiral selectivity, the applicability
and also the stability of such stationary phases. The various com-
mercialized sets of polysaccharide columns allow for automated
screening for the most effective separation of chiral pairs, whereby
for typical small molecule drugs successful separation can usually
be obtained on at least one of the stationary phases, providing var-
ious mobile phase compositions are thereby screened as well [2].
Although this strategy is successful and broadly applied, it is aimed
at ﬁnding the columns providing the best separation of one chiral
pair at a time and it fails to ensure that the most suitable condi-
tions for the separation of a mixture of chiral pairs or of a mixture
of all stereoisomers of therapeutic agent has been indeed been
found. A solution to this problem can be found through the cou-
pling of columns containing different chiral phases or it can also be
addressed via the combination of both chiral and achiral columns.
However, thus far the reported coupled columns approaches
including chiral phases have been exclusively employing trial and
error strategies. In this way  Kristensen et al. combined achiral nor-
mal  and reversed phase columns with a chiral glycoprotein type
of column for the separation of the enantiomers of methadone
and metabolites thereof in serum and urine [3,4]. Armstrong and
coworkers coupled two  whelk type columns whereby the selectiv-
110 R.S. Hegade et al. / J. Chromatogr. A 1515 (2017) 109–117
F nd th
a
i
a
a
c
p
t
h
r
c
t
(
i
p
c
t
a
t
n
s
s
m
p
a
r
T
c
T
w
s
o
a
c
h
n
t
a
c
iig. 1. Organogram depicting the general strategy regarding both the isocratic a
pproaches.
ty of enantiomers of alkoxy substituted esters of phenylcarbamic
cid could be optimized through adjustment of the composition of
 make-up ﬂow added before the second column [5]. Lindner and
oworkers combined a chiral anion-exchanger CSP with reversed
hase for the separation of the enantiomers of thyroxine and of
riiodothyronine [6]. The chiral separation of the enantiomers of
omocysteine, cysteine, and methionine has, for example, also been
eported whereby a C18 phase was coupled with a chirobiotic TAG
olumn [7].
As an alternative to these ad hoc methods, the translation of
he Stationary phase Optimized Selectivity Liquid chromatography
SOSLC) towards chiral separations, offers a novel perspective as
t allows for rational design of the separation whereby individual
eaks can, under ideal circumstances, literally be positioned in the
hromatograms according to the user’s wishes. As shown in Fig. 1,
his strategy predicts the retention of the solutes of a mixture on
ny possible combination of columns providing the retention on
he individual phases is known. As the number of column combi-
ations rapidly increases when a number of stationary phases and
egment lengths are at once disposal, the methodology is ideally
uited for in silico based prediction of retention times and auto-
ated ranking thereof according to e.g. the resolution of the critical
air for the shortest analysis time [8,9]. Alternatively ranking can
lso be performed in such a way that one peak is maximally sepa-
ated from its neighbors for improved preparative puriﬁcation [10].
he SOSLC methodology, which was originally developed for iso-
ratic reversed phase analysis, was commercialized in 2005 [11].
he approach has since its inception been improving in various
ays, whereby now algorithms are available for gradient analy-
is, [12,13] it has been shown that the methodology can be used
n conventional HPLC columns [14] and the concepts also proved
pplicable on compressible phases as used in supercritical ﬂuid
hromatography [10]. As thus far no normal phase HPLC approaches
ave been reported employing the SOSLC approach and as there is
eed for improved tools for the resolution of complex chiral mix-
ures, the potential of the methodology is studied in this work on
ll possible combinations of up to 5 widely available commercial
hiral columns. Both the isocratic and the gradient variants were
nvestigated allowing broad assessment of chiral SOSLC.e gradient chiral Stationary-Phase Optimized Selectivity Liquid Chromatography
2. Experimental
2.1. Chemicals and reagents
The racemates of trans-stilbene oxide (TSO), hexobarbital (HXL)
and 4-phenyl-1,3-dioxane (4PD) were purchased from Chimica
(Geel, Belgium), Sigma–Aldrich (Steinheim, Germany) and TCI
(Zwijndrecht, Belgium). 1,2,3,4-tetrahydro-1-napthol (THN) and
(S)-(+)-1,2,3,4-Tetrahydro-1-naphthol and HPLC grade hexane and
2-propanol were also obtained from Sigma–Aldrich. HPLC grade
ethanol was  purchased from Acros Organics (Geel, Belgium). The
concentration of the stock solutions of TSO, THN, HXL and 4PD were
10 mg/mL  (in hexane), 2 mg/mL  (in hexane), 5 mg/  mL (in ethanol)
and 2 mg/mL  (in ethanol), respectively. The above stock solutions of
TSO, TPN, HXL and 4PD were further diluted with hexane to a ﬁnal
concentration of 100 g/mL, 400 g/mL, 500 g/mL and 400 g/mL
respectively, such as to obtain solutions containing the individual
solutes, the racemates or a mixture of the eight solutes.
2.2. Instrumentation
An Agilent 1260 HPLC system (Agilent Technologies, Wald-
bronn, Germany) equipped with an autosampler, quaternary pump,
solvent degasser, column oven and a variable wavelength detec-
tor (VWD) was  used for all analyses. Five Phenomenex (USA) LUX
columns (50 × 4.6 mm column with 3 micrometer particles) were
used containing the amylose 2, cellulose 1, cellulose 2, cellulose
3 and the cellulose 4 phases. A short pre-column (4 × 3.0 mm)
packed with the Amylose 2 was used before all columns. The
mobile phases were composed of hexane and 2-propanol. Detec-
tion was performed at 210 nm for the isocratic and at 220 nm for
the gradient measurements. The column oven was  set at 25 ◦C,
injection volumes comprised 2 L, and in all analyses the ﬂow
rate was  set at 0.5 mL/min. A system dwell time of 124.2 s was
measured as a necessary requirement allowing correct predic-
tion of the retention times. As not all solutes were available as
enantiomerically pure standards, pure enantiomers were obtained
by preliminary semi-preparative separation of 10 L injections of
1000 g/mL solutions on the used analytical columns. The abso-
lute conﬁguration of each solute was conﬁrmed by optical rotation
measurements on a Polarimeter (Perkin-Elmer 241, Germany) of
R.S. Hegade et al. / J. Chromatogr. A 1515 (2017) 109–117 111
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cig. 2. Isocratic chromatograms obtained on the Amylose 2 (A, B) and on the cell
/v)  mobile phases. 1. (R) trans-stilbene oxide, 2. (S) trans-stilbene oxide, 3. (S) 1,2
exobarbital, 7. (R) 4-phenyl-1,3-dioxane and 8. (S) 4-phenyl-1,3-dioxane.
he collected fractions (which were evaporated and reconstituted
n 1 mL  ethanol). The Chemstation software (Agilent Technologies)
as used for data collection and for peak integration. In the isocratic
ode, predictions of the optimal column-segment combinations
ere performed with the POPLC Optimizer Software from Bischoff
hromatography (Leonberg, Germany). Predictions in the gradient
ode on the 5 cm column segments were performed in Microsoft
xcel in combination with in house developed visual basic scripts.
ore details regarding the used and developed in silico tools are
rovided in the supplementary section.
. Results and discussion
.1. Isocratic chiral SOSLC
In order to assess the potential and the performance of coupling
hiral columns in general and of isocratic SOSLC for chiral analy-
is in particular, a mixture composed of 4 chiral pairs comprising
 broad range in polarity was composed which proved challeng-
ng to separate on any of the pure phases under the various mobile
hase conditions used. Fig. 2 represents the corresponding anal-
ses of the test sample on the Amylose 2 and on the Cellulose 3
olumns, whereby isocratic mobile phase compositions of 90/10
Figure A and C) and of 95/5 (Figure B and D) (% v/v) hexane/2-
ropanol were employed, respectively. Under all those conditions
o satisfactory separation of the 8 solutes could be obtained on
he individual columns. The usage of larger amounts of 2-propanol
as not suitable as the resulting high eluotropic strength led to
xcessively low solute retention prohibiting effective chromatog-
aphy. Alternatively lower amounts of 2-propanol were also not
ppropriate in this isocratic mode as this resulted in excessively
ong analysis times due to the high retention of the enantiomers of
exobarbital. Comparable unresolved chromatograms under those
onditions were obtained on all columns.3 column (C, D) obtained with 90/10 (A, C) and 95/5 (B, D) hexane/2-propanol (%
trahydro-1-napthol, 4. (R) 1,2,3,4-tetrahydro-1-napthol, 5. (R) hexobarbital, 6. (S)
3.1.1. Retention study of enantiomers on the available columns
Clearly the representative problem at hand cannot be solved
with one column under the used solvents. However, the much dif-
fering elution order of the solutes on e.g. the amylose 2 and on the
cellulose 3 column suggests that the coupling of columns can be
beneﬁcial. In order to allow implementation of the isocratic SOSLC
algorithm [see equation S-1 in the supplementary material (SM)]
the retention of all solutes was  measured on all columns together
with the system void time with the hexane/2-propanol (90/10% v/v)
mobile phase. The thereby measured retention times and reten-
tion factors are represented in Table 1. Interestingly it appears that
the elution order of enantiomers is not constant and that indeed
inversions occur [15–21]. The origin of these inversions in retention
cannot be uniquely allocated to one column and are resulting from
a thus far largely unpredictable interplay of each solute and the chi-
ral selectors as a function of the composition of the mobile phase
[22]. The inﬂuence of the composition of the mobile phase, of the
occurrence of additives therein, or of the temperature on the elution
order of the enantiomers deserves more in depth study. However,
the latter was not performed in this work to allow focus on the
chiral SOSLC approach itself. Importantly, however, the retention
factors of all solutes proved stable and reproducible (<2% RSD) over
a period of several months. As the additivity of the retention factors
is the core of the isocratic SOSLC approach, the former aspect was
essential to allow robust implementation of the strategy.
3.1.2. Retention time prediction based on the random coupling of
columns
In order to assess the predictive capacity of the retention times
and of the retention factors on combined columns, which is central
for the SOSLC approach, columns were ﬁrst randomly coupled as
represented in Table 2. Comparison of the thereby obtained experi-
mental and predicted retention times (based on equation S-1) of the
enantiomers of trans-stilbene oxide shows that prediction of reten-
tion times on coupled column is possible, but that somewhat larger
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Table 1
Retention times and retention factors (k) as measured for each solute when using 90/10 hexane/2-propanol (% v/v) as mobile phase. (For interpretation of the references to
colour  in this Table legend, the reader is referred to the web version of this article.)
Table 2
Evaluation and overview of predicted and experimental retention times of trans-stilbene oxide for the random coupling of columns at an isocratic composition of 10%
2-propanol (v/v). A2 = Amylose 2, C2 = Cellulose 2, C3 = Cellulose 3 and C4 = Cellulose 4. 1. (R) trans-stilbene oxide and 2. (S) trans-stilbene oxide.
Stage Column Combination Enantiomers
of TSO
Predicted RT (min)
(X)
Experimental RT (min)
(Y)
Relative Deviation
% (X-Y)
Resolution
A A2 1 – 2.61 – 4.30
2  – 3.66 –
B  C3 + C4 1 3.93 4.75 −18.89 7.55
d
t
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t2  7.06 
C  A2 + C2 + C3 + C4 1 9.74 
2  14.61 
eviations occur for the shorter column combinations whereby dis-
inct improvements appear for the longer columns. Extra column
oid, peak broadening and injection phenomena are associated to
hese observations. Note that typically such effects are becom-
ng more negligible when longer columns are used. The visible
eduction of the differences between predicted and experimental
etention times on the longer columns illustrates the possibility
o predict retention times in a usable way for the chiral SOSLC
pproach, and demonstrates that the usage of shorter series of cou-
led columns requires special attention in terms of sample solvent
omposition and regarding the minimization of extra column voids.
he corresponding chromatograms are represented in Fig. 3. Under
hose chosen column combinations (A, B and C) the resolution of
he racemate of trans-stilbene oxide is increasing as a function of
he columns length. This is, however, not always necessarily the
ase as the selectivity of the coupled column types could also be
partially) counteracting each other as well (as would be the case in
ny combination including the Cellulose 1 column for trans-stilbene
xide). This effect can be observed in Table 1, where the retention
imes of the R and S enantiomers of trans-stilbene oxide on a 4 cou-6.65 5.98
9.34 4.19 8.08
13.85 5.34
pled column combination were found to be 9.74 min and 14.61 min,
respectively (t  = 4.86 min). When the ﬁfth column (cellulose 1) is
added to the coupled column series, the retention times increase
to 14.87 and 17.44, respectively (data not shown in Table 1). This
is, however, to the detriment of the width of the elution window
which has now been reduced to 2.57 min. When only considering
the enantiomers of trans-stilbene oxide the latter reduced separa-
tion is clearly less preferential. However, when this occurs for these
compounds in a mixture with other solutes, also a partial reduction
in separation can be beneﬁcial as it allows more ﬂexibility to posi-
tion peaks such as to achieve baseline separation of all solutes in a
separation in the smallest amount of time. Also note that the order
of the coupled columns is of no inﬂuence in the isocratic serial col-
umn  combinations as was already observed before in the achiral
stationary phase optimized selectivity work [10].3.1.3. Comparison between predicted and experimental results
Although only one 5 cm column was  available of each phase this
already allows for the possible assemblage of 31 serially coupled
columns when the coupling order is neglected, and of 325 cou-
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Fig. 3. Chromatogram of trans-stilbene oxide for random coupling of columns at 10% (v/v 2-propanol) isocratic composition. 1. (R) trans-stilbene oxide and 2. (S) trans-stilbene
oxide.  A = Amylose 2, B = Cellulose 3+ Cellulose 4, C = Amylose 2+ Cellulose 2+ Cellulose 3+ Cellulose 4.
Fig. 4. Predicted (A) & experimental chromatogram (B) of the chiral mixture on 4 combined column segments (Amylose 2 + Cellulose 2 + Cellulose 3 + Cellulose 4). 1. (R)
trans-stilbene oxide, 2. (S) trans-stilbene oxide, 3. (S) 1,2,3,4-tetrahydro-1-napthol, 4. (R) 1,2,3,4-tetrahydro-1-napthol, 5. (R) hexobarbital, 6. (S) hexobarbital, 7. (R) 4-
phenyl-1,3-dioxane and 8. (S) 4-phenyl-1,3-dioxane.
Table 3
Evaluation and overview of predicted and experimental retention times for chiral mixture at 10% (v/v 2-propanol) isocratic composition. 1. (R) trans-stilbene oxide, 2. (S)
trans-stilbene oxide, 3. (S) 1,2,3,4-tetrahydro-1-napthol, 4. (R) 1,2,3,4-tetrahydro-1-napthol, 5. (R) hexobarbital, 6. (S) hexobarbital, 7. (R) 4-phenyl-1,3-dioxane and 8. (S)
4-phenyl-1,3-dioxane.
Peak # Predicted RT (min)X ExperimentalRT (min)Y % RSDFor 3 injections Relative deviation% (X-Y) Resolution between consecutive peaks
1 9.8 9.56 0.12 2.48 –
3  11.08 10.45 0.06 5.85 2.00
4  11.82 11.24 0.00 5.03 1.67
8  12.64 12.29 0.15 2.81 2.01
7  13.85 12.85 0.05 7.49 1.01
2  14.67 14.03 0.05 4.46 2.07
6  70.83 68.69 0.17 3.07 26.30
5  93.05 91.22 0.17 1.99 5.08
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Fig. 5. Concept of the prediction algorithm for retention times under linear gradient
conditions on combined column segments.14 R.S. Hegade et al. / J. Chrom
led columns when the order is considered relevant. Although the
ormer relatively limited number of different columns combina-
ions which can be assembled for the isocratic work illustrates the
eed for the availability of more column segments and of vary-
ng length, all these possible column combinations were simulated
ith the straightforward isocratic algorithm (based on equation
-1) and ranked in order of decreasing selectivity of the critical
air. The generated dataset allowed quick selection of the optimal
olumn combination composed of the Amylose 2, the Cellulose 2,
he Cellulose 3 and the Cellulose 4 columns (assembled in random
rder). The resulting comparison between the predicted and the
xperimental chromatogram are illustrated in Fig. 4A and B and in
able 3, respectively. The good correlation between the predicted
nd the experimental chromatograms illustrates the applicability
f the approach. Note that the proposed separation is the best pos-
ible solution achievable with the preselected mobile phase and
ith the available columns. In the current experiment it can be
een that the low retention of all solutes except for hexobarbital
eads to challenging baseline separation of the solutes. The reasons
or the latter are not related to the SOSLC approach, which has been
emonstrated to be effective here, but due to the less than expected
heoretical plate number of all columns and due to the stated injec-
ion volume phenomena leading to peak broadening. This stands
o contrast with simulated chromatogram, which is not taking this
ype of practical aspects into consideration. It should also be noted
hat the composition of the sample spanning a broad range in polar-
ty (whereby hexobarbital is much more polar compared to the
ther solutes), limits the number of satisfactory columns combi-
ation which can be predicted within a certain analysis time. It
an also be seen in Table 3 that the maximal deviation (7.49%)
s observed for (R) enantiomer of 4-Phenyl-1,3-dioxane. The best
rediction is obtained for the later eluting enantiomers of hexobar-
ital. Although all solutes were as well separated as possible under
he given conditions, baseline separation was not observed and the
esolution between all adjacent peaks in the beginning of the chro-
atogram is low. At the same time the enantiomers of hexobarbital
luted late leading to long analysis times and to unnecessary peak
roadening. To overcome these limitations the isocratic approach
as therefore further extended to gradient analysis.
.2. Gradient chiral SOSLC
The protocol allowing gradient SOSLC has been described before
12]. The discontinuous algorithm based on numerical integra-
ion was developed allowing the prediction of retention times on
olumns with serially combined chiral stationary phases. A linear
radient was thereby considered as the sequence of small iso-
ratic stages, which correspond to small time intervals t.  This
iscontinuous approach allows for the determination of the inter-
ediate migrated distance through the column at each time point
uring the analysis. This is a useful approach when serially cou-
led columns with different stationary phases are considered. The
oncept is clariﬁed in Fig. 5. Hence during each time interval
t, typically = 100 ms) the position, the corresponding local elu-
tropic strength, the corresponding speed and migrated distance
re recalculated. When an analyte band passes into another seg-
ent comprising a different stationary phase, the algorithm allows
he substitution of Eq. (1) of the analyte on the ﬁrst stationary
hase into Eq. (1) for the same analyte on the second stationary
hase, for which other a, b and c values have been determined. As
he algorithm further requires the knowledge of the continuously
ncreasing ϕ around the migrating analyte at each time during the
nalysis, this requires information regarding the increasing dwell
ime up to that point in the column. The time needed for a new
obile phase composition to reach an analyte band somewhere in
 columns is the sum of the dwell time of the instrument, tdwell , and
Fig. 6. Acquisition of ln(k) = a2 + b + c, based on all preliminary isocratic measure-
ments for chiral mixture on a Cellulose 2 (A) and Cellulose 3 (B) column.
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5ig. 7. Predicted (A) & experimental chromatogram (B) of the chiral mixture on 3 com
radient composition. 1. (R) trans-stilbene oxide, 2. (S) trans-stilbene oxide, 3. (S) 1,
exobarbital, 7. (R) 4-phenyl-1,3-dioxane and 8. (S) 4-phenyl-1,3-dioxane.
he dwell time in the column, tdwell,column. The analyte band elutes of
he column when the migrated distance of the analyte band reaches
he column length. A summation of the time intervals correspond-
ng with the partial migrated distances leads to a prediction of the
etention time. A prediction of the selectivity or of other response
unctions can then be made from these obtained retention times.
n analogy with the isocratic PRISMA SOS-LC approach, retention
imes and selectivity are subsequently predicted for all the possi-
le stationary phase combinations. Note that the order of the chiral
olumns plays a role in gradient chiral SOS-LC. This leads to a much
arger amount of possible combinations and to a larger solution
pace. Screening of this solution space leads to an optimal station-
ry phase combination, which guarantees the best selectivity for
ts critical peak pair. Optionally, combinations corresponding with
xcessive analysis times can be ﬁltered out again. In the current
ork the algorithm was modiﬁed such that it only offered solu-
ions on possible column combinations with the 5 available chiral
olumns, thereby taking into consideration that the order of the
olumns is relevant in gradient analysis.
.2.1. Calculations of nonlinear regressions based on quadratic
elationship between ln(k) and ϕ
A ﬁrst and critical step in the implementation of this approach,
owever, requires knowledge of the retention of all solutes on all
5) columns under the various mobile compositions used. This rela-
ionship has been broadly studied and for the SOSLC approach the
ost successful one has been the quadratic relationship between
n(k) and ϕ (Eq. (1)) [23,24].
n(k) = a2 + b + c (1)
hereby a, b, and c are experimental coefﬁcients. At least ﬁve iso-
ratic analyses at different modiﬁer concentrations ϕ are needed
o determine these coefﬁcients with sufﬁcient accuracy for SOSLC
12]. Accordingly preliminary isocratic measurements were per-
ormed for all solutes at various (at 40%, 30%, 20%, 15%, 10%, 7.5%,
% and 2.5% v/v 2-propanol) organic modiﬁer (ϕ) compositions,d column segments (Cellulose 3 + Cellulose 2 + Amylose 2) at 1–20% (v/v 2-propanol)
etrahydro-1-napthol, 4. (R) 1,2,3,4-tetrahydro-1-napthol, 5. (R) hexobarbital, 6. (S)
such as to encompass typical gradient ranges usable in such type
of normal phase LC with an 2-propanol/hexane mobile phase com-
position. The resulting nonlinear regressions (with equation 1) for
all solutes on the Cellulose 2 and Cellulose 3 columns are shown in
Fig. 6A and B respectively. The corresponding a, b and c values for
all 8 enantiomers are displayed in Table S-1. For the highly retained
compound hexobarbital, only the isocratic measurements down to
7.5% v/v of 2-propanol and higher were considered because the
measurements below 7.5% v/v of 2-propanol resulted in retention
times above 1 h. Similar non-linear regressions were obtained on
the Amylose 2 and on the Cellulose 1 and 4 columns of which the
corresponding data is represented in the supplementary material
(Figure S-1A, B and C and Table S-1). The obtained relationships
allowed for utilization of the visual basic algorithms in Microsoft
Excel for retention time predictions and subsequent ranking of the
optimal column combinations.
3.2.2. Figures of merit of the chiral gradient approach
In order to ﬁrst assess the quality of the retention time pre-
dictions (independent of the selection process of the optimal
column combinations), the accuracy thereof was measured for
trans-stilbene oxide on a number of random column combinations
represented in the supplementary material (Figure S-2 and Table
S-2). The complete chiral SOSLC methodology was subsequently
performed on all 8 solutes on all possible column combinations
for a ﬁxed gradient of 1–20% 2-propanol and of 1–15% 2-propanol
in 60 min. From the 325 possible solutions (columns combinations)
the optimal combination consisting of the Cellulose 3 column at the
inlet, followed by the Cellulose 2 phase and ending with the Amy-
lose 2 column was proposed for both gradients. This resulted in a
total column length of 15 cm and corresponded to the highest value
for the retention time difference of the critical peak pair of all com-
binations, while enabling analysis within a stipulated maximum
time limit of 60 min. The corresponding simulated and experimen-
tal chromatograms are shown in Fig. 7 and Figure S-3 (SM). The
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Table 4
Evaluation and overview of predicted and experimental retention times for chiral mixture at 1–20% (v/v 2-propanol) gradient composition. 1. (R) trans-stilbene oxide, 2. (S)
trans-stilbene oxide, 3. (S) 1,2,3,4-tetrahydro-1-napthol, 4. (R) 1,2,3,4-tetrahydro-1-napthol, 5. (R) hexobarbital, 6. (S) hexobarbital, 7. (R) 4-phenyl-1,3-dioxane and 8. (S)
4-phenyl-1,3-dioxane.
Peak # Predicted RT (min)
X
Experimental
RT (min) Y
% RSD
For 3 injections
Relative deviation
% (X-Y)
Resolution between
consecutive peaks
1 9.47 9.51 0.06 −0.42 –
8  10.94 12.10 0.05 −10.07 4.95
7  12.67 13.21 0.08 −4.17 1.85
2  14.20 14.38 0.04 −1.26 1.85
3  15.55 15.90 0.00 −2.23 2.78
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[
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[4  17.09 17.45 
6  44.75 43.09 
5  50.30 50.53 
omparisons of the numerical data are shown in Table 4 and Table
-3 (SM), respectively.
In both cases the elution proﬁle was exactly predicted and the
rediction accuracy of the retention times was sufﬁcient to allow
roposal of the optimal column combination allowing baseline res-
lution of all solutes. The largest discrepancy in prediction of the
etention time was observed for the somewhat erratically behav-
ng (S)-(−)-4-phenyl-1,3-dioxane reaching up to 12% in the shallow
–15% gradient. Interestingly the accuracy of the predictions was
igniﬁcantly reduced for the R-enantiomer of this solute (6%). All
ther solutes led to much lower differences between the exper-
ments and the predictions. Although the inﬂuence of additional
perational parameters such as the addition of mobile phase addi-
ives, the inﬂuence of temperature, the use of more stationary
hases and of more solutes all would require further investigation,
he above data shows that gradient chiral SOSLC is possible and
hat it offers the best chromatographic resolution for the separa-
ion of complex mixtures of e.g. chiral pairs. Finally it should also
e mentioned that the user doesn’t need to know the absolute con-
guration of the individual solutes. The only requirement in this
pproach is to be able to perform suitable peak tracking. Hence if
he relative elution order of each pair enantiomers is known on the
ndividual columns, the individual solutes can be tagged with a suit-
ble denominator, which will also be found back in the predicted
hromatograms on the combined columns independent of the not
lways available information regarding the absolute conﬁguration.
. Conclusion
In this work it could be shown that the concept of stationary
hase optimized selectivity is transferable to chiral separations
oth under isocratic and gradient conditions on a set of commer-
ially available columns. It has been shown the retention time
redictions on combined polysaccharide phases are achievable
ith good predictive accuracies. In both the isocratic and gradient
ork the predictive quality increased with the columns lengths,
uggesting a somewhat higher sensitivity of the approaches in
erms or injection processes. In this way baseline separation of 4
hiral pairs could be achieved for a mixture of solutes of varying
olarity through gradient analysis.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.chroma.2017.07.
078.
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